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Sunday, February 26, 2012 17aprovide useful parameters for modeling studies and suggest that the actin-
binding loop of myosin contributes to both the binding and unbinding of myo-
sin from actin.
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Muscle contraction is regulated by movement of tropomyosin over the surface
of actin filaments. At low-Ca2þ, tropomyosin blocks myosin-binding on actin,
whereas, in a two-step process, Ca2þ-saturated troponin and myosin open the
myosin-binding site leading to contraction. No obvious steric obstructions or
geometrical barriers on actin limit such tropomyosin movement. However,
lacking atomic models for these transitions, the pathways taken by tropomyosin
during regulatory movements are uncertain. Here, end-points for regulatory
transitions were determined by fitting tropomyosin to EM reconstructions. Re-
constructions of negatively-stained low-Ca2þ thin filaments yield an atomic
model very close to that described for troponin-free actin-tropomyosin by Li
et al. (2011), while comparable high-Ca2þ filament maps suggest an azimuthal
sliding of tropomyosin parallel to its superhelical path. Additionally, Raunser et
al. (2012-Biophys. Soc. abst.) describe an atomic model of tropomyosin based
on high-resolution cryo-EM reconstructions of myosin-decorated filaments,
showing expected azimuthal movement and pronounced ~15A˚ axial displace-
ment of tropomyosin toward the pointed-end of the thin filament. To evaluate
transitions between these various regulatory positions, we explored the energy
landscape between ‘‘end-states’’ over a comprehensive grid of 832 tropomyo-
sin locations relative to F-actin coordinates. The position of tropomyosin was
varied azimuthally and axially relative to F-actin, and then the structure
energy-minimized. The resulting electrostatic energy landscape shows a wide
energy basin with a minimum centered near the blocked-state. The width of
this basin indicates that large azimuthal and axial oscillations of tropomyosin
are possible. By contrast, in the myosin-induced open-position, tropomyosin
is located at an energy peak, representing a region with no obvious complemen-
tary electrostatic interactions between tropomyosin and F-actin. Our results
therefore suggest that the open-position is reached only because of tropomyosin
interaction with myosin, while binding of tropomyosin to the F-actin surface
becomes less important.
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The main cellular mechanism that underlies the so-called ‘‘Frank-Starling Law
of the Heart’’ is an increase in the responsiveness of cardiac myofilaments to
activating Ca2þ at longer sarcomere lengths (SL). The structural basis of this
‘‘Length Dependent Activation’’ (LDA) is not known. 2D X-ray diffraction
patterns were obtained using the BioCAT beamline 18ID at the Advanced Pho-
ton Source from electrically stimulated (0.2 Hz) intact, twitching papillary
muscle isolated from rat hearts during a 10 ms time window in diastole just
prior to electrical stimulation. Diffraction patterns were compared from mus-
cles that were stretched to Lmax (SL= ~2.3 mm) to those taken following a quick
release to slack length (SL=~1.9 mm). We previously reported that myosin
heads moved radially inwards at longer SL suggesting that an increased radial
extent of crossbridges at longer length cannot explain increased calcium sensi-
tivity so other explanations must be sought. It is known that changes in isoform
composition of the troponin complex can markedly affect calcium sensitivity
but the role of troponin in the length sensing mechanism underlying LDA is
not clear. Here we analyzed the meridional patterns which showed that the
3rd order troponin repeat distance, the 3rd - order troponin reflection intensity
and the 2nd order myosin (‘‘forbidden’’) meridional reflection all increased sig-
nificantly (P < 0.01) at Lmax as compared to slack length. Thus, stretching in-
tact heart muscle in diastole induces changes in the structure of both the thick
filaments and the thin filaments. It appears, then, that the length sensing mech-
anism underlying LDA must involve connections of some kind that transmit
strain between the thick and thin filament that alter the structure of the troponin
complex and, presumably, myofilament contractile properties. Supported by
NIH HL075494 and RR08630.86-Plat
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The stretch activation (SA) mechanism, a general property of all muscle
types, is most prominent in muscles that generate power through cyclical con-
tractions, such as insect indirect flight muscles (IFM) and vertebrate cardiac
muscles. SA is defined as phase 3, a delayed tension increase, of the tension
transient following a muscle stretch. We are testing our hypothesis that my-
osin heavy chain isoforms help set SA magnitude and hence power generating
ability in different muscle types. The Drosophila thorax contains two muscle
types, IFMs and jump muscles. In IFMs, the magnitude of SA is great enough
to enable net positive power generation when it is fully calcium activated. In
contrast, jump muscles display very little stretch activation and cannot gener-
ate net positive power when fully activated. We found that when an embry-
onic myosin isoform (EMB) is transgenically expressed in the jump muscle,
the muscle is transformed and behaves like a moderately stretch-activatable
muscle. The transformed muscle can now generate positive power and
SA magnitude is increased by ~60% at 0mM Pi and ~350% at 16mM Pi.
This shows that SA magnitude is influenced by myosin isoforms. We found
that power generation is [Pi] dependent as R 2mM Pi is required for power
production in jump muscles expressing the EMB isoform. Expressing the
IFM isoform in jump muscles did not enable positive power generation or
increase SA magnitude. To further test our hypothesis, we are expressing
the jump myosin isoform in IFMs to determine if this reduces IFM SA mag-
nitude. We conclude that myosin isoforms can influence the magnitude of SA,
but are not the only mechanism responsible for natural differences in SA
magnitude.
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The coupling between chemical andmechanical steps of actomyosinATPase cy-
cle was studied in situ by using fast mechanical protocols in Ca2þ-activated de-
membranated fibres from rabbit psoas under sarcomere length control
(sarcomere length 2.4 mm, temperature 12C). We determined the effects of
the concentration of inorganic phosphate (Pi) on the force-velocity relation
(T-V), on the stiffness-velocity relation (e-V) and on the isotonic velocity tran-
sient following a stepwise drop in force from the isometric plateau force (T0)
(Piazzesi et al. J Physiol 545:145, 2002). With respect to control (no added Pi),
the increase of [Pi] to 10 mM, i) reduced T0 by 50-60%, decreased the curvature
of the T-V relation by 30% and increased the unloaded shortening velocity (V0)
by 19%; ii) decreased the relative half-sarcomere stiffness at each shortening ve-
locity by an extent that indicates that Pi has little effect on the force per attached
myosin motor; iii) did not change the rate of early rapid shortening (phase 2) fol-
lowing the stepwise drop in force,while reduced its size andmade the subsequent
pause of shortening (phase 3) briefer. Steady state and transient mechanical re-
sponses and the known related energetics (Potma and Stienen J Physiol 496:1,
1996) are simulated with a kinetic-mechanical model of the actomyosin ATPase
cycle that incorporates Huxley and Simmons mechanism of force generation.
Muscle power and efficiency during isotonic shortening at high and intermediate
loads can be predicted only if myosin motors at an intermediate stage of both the
working stroke and product release can slip to the next Z-ward actin monomer.
Supported by MIUR, Ministero della Salute and Ente Cassa di Risparmio di
Firenze (Italy).
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Single molecule measurements of mechanochemistry have greatly increased
our understanding of muscle contraction. However, since trillions of myosin
molecules work together in muscle, extrapolation to in vivo function requires
additional understanding of how motors behave in an ensemble. Early findings
suggested that myosin behaves similarly at both the single molecule and ensem-
ble levels; but more recent experiments suggest otherwise. Using a combination
of simulation and theory, we show that the force-dependence of ADP release
18a Sunday, February 26, 2012causes myosin-myosin interactions that make ensemble myosin behavior differ
fundamentally from single myosin behavior.
We use solution data to estimate the parameters of a simple 4-state kinetic
model for actomyosin interaction. For smooth muscle myosin, we add the mea-
sured force-dependence of ADP release to this model. Simulations of the model
successfully predict the results of four experiments: 1. single molecule mea-
surements of step size and strong binding liftetime; 2. In vitro motility measure-
ments of actin speed as a function of [ATP]; 3. In vitro motility measurements
of actin speed at low myosin density as a function of actin filament length; and
4. laser trap measurements of velocity as a function of force for small myosin
ensembles. For skeletal muscle myosin, we use a subset of these data to esti-
mate the force-dependence of ADP release and successfully predict the remain-
ing data. The model is therefore consistent with both single molecule and
ensemble data.
In the model, myosin binding to actin accelerates the detachment of previously
bound myosin. This myosin-induced detachment causes strong binding lifetime
to depend on the number of myosin molecules interacting with actin. Counter-
intuitively, this result implies that even when actin speed is ‘‘detachment
limited’’ (meaning speed equals myosin’s step size times the ADP release
rate), increasing the attachment rate can increase speed.Platform: Lipids & Signaling on Membrane
Surfaces
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In this project we address the challenge of incorporation of transmembrane pro-
teins with defined orientation in biomimetic giant unilamellar vesicles (GUVs).
The reconstitution of biologically relevant transmembrane proteins, like recep-
tors or channel proteins, into GUVs makes them easily accessible to biophys-
ical investigation using patch-clamp or optical microscopy while preserving
their natural configuration. Our strategy combines two approaches: cell-free eu-
karyotic protein expression and biomimetic model systems. The cell-free pro-
tein expression system is based on insect lysates [1]. It provides endoplasmic
reticulum (ER)-based vesicles which enable signal-induced translocation and
post-translational modification, e.g. glycosylation and phosphorylation. Further
the expressed protein is inserted into the ER membrane corresponding to the
natural process in a living cell.
Starting from small ER vesicles of approximately one micrometer diameter we
applied electro-swelling to achieve giant proteoliposomes [2]. Our recent work
showed that the efficiency of this method can be improved substantially by the
presence of synthetic lipids in the electro-swelling process. As an example, we
introduced the one-transmembrane protein heparin-binding epidermal growth
factor-like factor Hb-EGF-eYFP in GUV membranes aided by the lipid
DOPC. We applied single-molecule fluorescence microscopy to detect and lo-
calize the protein, and characterized their mobility in the mixed natural-
synthetic membrane. In addition, we introduced biotinylated lipids that enabled
us to immobilize the protein-decorated GUVs to streptavidin coated surfaces.
We envision this achievement as an important first step toward systematic pro-
tein studies on technical surfaces.
[1] Kubick et al. Current Topics in Membranes 09.
[2] Shaklee et al. ChemBioChem 10.
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The existence of membrane subdomains with different lipid composition and
the relationship between lipid-domain formation and the conformation and
functional properties of membrane-associated proteins is one of the central
questions in the fields of membrane biochemistry and biophysics. Raft domains
are suggested to play a role in signal transduction processes by acting as ‘‘sig-
naling platforms’’.
In the present study, a well established zwitterionic and anionic model raft
membrane system has been used to analyze the lateral segregation in and con-
formational orientation at heterogeneous membranes of two different, fully
lipidated Ras isoforms, namely N-Ras and K-Ras4B. The results show
that membrane microdomain localization of Ras is mediated by the isoform-specific, posttranslationally modified C-terminal sequence. Whereas a time-
dependent diffusion and subsequent clustering in the lo/ld phase boundary
region of phase separated membranes was observed for N-Ras [1], formation
of new fluid, protein-enriched domains was detected for K-Ras4B by time-
lapse atomic force microscopy [2]. Corresponding IRRA and ATR-FTIR
spectroscopy experiments revealed an isoform-specific orientation of the Ras
G-domain at the membrane interface that is also dependent on GDP/GTP-
loading. Altogether, the results of this study lead to the postulation of a molec-
ular mechanism for isoform-specific Ras signaling from separate membrane
microdomains that could potentially operate as an effective, high fidelity sig-
naling platform with distinct signal outputs for the Ras isoforms: minimization
of the line energy (N-Ras) versus lipid sorting through electrostatic interactions
(K-Ras4B) [2].
References
1) Weise K et al. (2009) J. Am. Chem. Soc. 131: 1557-1564.
2) Weise K et al. (2011) J. Am. Chem. Soc. 133: 880-887.
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In recent years, cholesterol has been emerging as a major regulator of ion chan-
nel function. Channels regulated by cholesterol include the Kir2 channels sub-
family of constitutively active, strongly inwardly rectifying Kþ channels that
set the resting membrane potential and modulate membrane excitability. Yet,
the mechanism by which cholesterol affects channel function is unclear.
We have previously shown that Kir2 channels are suppressed by the elevation
of membrane cholesterol and enhanced by cholesterol depletion. We thus hy-
pothesized that cholesterol modulates the function of Kir2 channels by stabiliz-
ing their closed state. Furthermore, we have recently identified a series of
residues in the C- and N-termini of Kir2.1 that are crucial for its sensitivity
to cholesterol, suggesting a critical role for the cytosolic domain in cholesterol
modulation of Kir channels.
Here we show that mutations of two distant Kir2.1 cytosolic residues, L222 and
N251, form a two-way molecular switch that controls channel modulation by
cholesterol, and affects critical hydrogen bonding that bridges the betaD and
betaE strands. Furthermore, our data indicate that the same switch also regu-
lates the sensitivity of the channels to PI(4,5)P2, a phosphoinositide which is
required for activation of Kir channels. Thus, although cholesterol and
PI(4,5)P2 do not interact with the same region of Kir2.1, these different mod-
ulators induce a common gating pathway of the channel.
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Cellular membranes define cell boundaries and provide active means for pro-
teins transport and compartmentalization to certain organelles. The prevailing
mechanism underlying lipidated protein transport and sorting is based on their
selective upconcentration in transient membrane domains of altered fluidity,
termed ‘‘raft domains’’. However the majority of biophysical studies have
failed to report increased partition to the lo phase1. We recently illustrated
that the farnesylated Gbg subunit of G protein upconcentrates in highly curved
areas and introduced the notion that membrane remodeling may act as a cue for
regulating lipidated protein cellular distribution2.
Here we capitalized on our developed nanorrays of surface tethered liposomes
to quantify the precise effect of membrane curvature and domain formation on
the redistribution of the abundant class of signaling proteins, the Ras2-4. Our
results demonstrate for the first time that NRas proteins upconcentrate in highly
curved areas showing ~10 fold increased densities as compared to flat bilayers.
We furthermore found that NRas does not selectively bind in flat raft domains
as compared to ld phases. When however the lo ‘‘raft domains’’ where com-
bined with high curvature a remarkable upconcentration ~80 fold was docu-
mented in the highly curved areas. These findings indicate that lo domains
